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Abstract
Causes of secondary sexual dimorphism (SSD) in dioecious plants are very poorly understood, especially in woody plants. 
SSD is shown mainly in mature plants, but little is known about whether secondary sexual dimorphism can occur in juve-
niles. It is also assumed that stress conditions intensify differences between the sexes due to the uneven reproductive effort. 
Therefore, the following research hypotheses were tested: (1) secondary sexual dimorphism will be visible in juveniles; (2) 
unfavourable soil conditions are the cause of more pronounced differences between the sexes. Rooted shoots of the common 
yew (Taxus baccata L.) and common juniper (Juniperus communis L.), previously harvested from parental individuals of 
known sex were used in the study. During two growing seasons vegetation periods and four times a year, comprehensive 
morphological features of whole plants were measured. Some SSD traits were visible in the analysed juveniles. Contrary to 
expectations, differences were more pronounced in the fertilized treatment. Both species reacted to fertilization in different 
ways. Female yew had a clearly higher total plant mass, root mass, and mean root area when fertilized, whereas male juniper 
had a higher root mass when fertilized. Differences between the sexes independent of the fertilization treatment were seen, 
which can be interpreted as sexual adaptations to a continued reproduction. Female yews and male junipers made better use 
of fertile habitats. Our study showed that SSD may be innate, and sexual compensatory mechanisms could generate uneven 
growth and development of both sexes. Because the SSD pattern was rather different in both species, it was confirmed that 
SSD is connected with the specific life histories of specific species rather than a universal strategy of dioecious species.
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Introduction
Genders of dioecious plants (with separate male and female 
individuals) may have different resource allocation due to 
their different sexual functions. The consequence is second-
ary sexual dimorphism (SSD) observed in many dioecious 
species. SSD is often noted in trees, probably due to their 
longevity and, in contrast to herbaceous species, they grow 
and reproduce at the same time (Koenig and Knops 1998; 
Obeso 2002). Resources thus have to be allocated in parallel 
to growth, maintenance (including defence) and reproduc-
tion (Geber et al. 1999).
SSD can be expressed as differences in the growth rate of 
woody species. Most often, female individuals show a lower 
growth rate compared to male, due to a greater allocation of 
resources to reproduction including a longer reproductive 
effort associated with the process of maturation of seeds 
and associated structures (Obeso 2002; Bañuelos and Obeso 
2004; Montesinos et al. 2006; Chen et al. 2014). However, 
this is not always clear cut since there are also studies indi-
cating a higher growth rate of female individuals (Xu et al. 
2008; Rozas et al. 2009; DeSoto et al. 2016) or a lack of gen-
der differences (Marion and Houle 1996; Rovere et al. 2003).
Most often, SSD is treated as a consequence of sex-spe-
cific differences in reproductive effort (Delph and Meagher 
1995), however, there are reports that some differences may 
appear before the organisms reach sexual maturity (Nicotra 
1999). These reports are not many, especially in perennial 
plants, because it is often difficult to visually determine the 
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sex of individuals, until they produce flowers or strobili 
(Gehring and Linhart 1993).
Gender differences are often most visible in specific, 
stressful conditions, such as at higher high-altitude sites, 
in drought conditions or reduced soil fertility (Iszkuło et al. 
2011a; Zhao et al. 2011; Huang et al. 2018; Díaz-Barradas 
et al. 2018; Zhang et al. 2019) which is related to the lower 
availability of resources. Therefore, SSD may be the result 
of differences in gender requirements in relation to resources 
(Barrett and Hough 2013).
In response to resource availability, different genders 
may have specific compensatory mechanisms (Ueno et al. 
2006; Tozawa et al. 2009) allowing better uptake or more 
efficient use of resources. These include differences in the 
time spent on reproduction and growth (Delph 1990; Obeso 
2002; Milla et al. 2006), photosynthetic capacity (Dawson 
and Ehleringer 1993; Obeso 2002; Nicotra et al. 2003), or 
morphological differences such as leaf area (Wallace and 
Rundel 1979; Meagher 1992; Kohorn 1994; Nowak-Dyjeta 
et al. 2017). These mechanisms may be of particular impor-
tance during masting events (Montesinos et al. 2012).
SSD can lead to Sexual Spatial Segregation (SSS), most 
often where female individuals are under greater environ-
mental pressure and hence in many species in poorer habi-
tats they show higher mortality or weaker growth (Bierzy-
chudek and Eckhart 1988). As a consequence, sex ratio is 
often male-biased in dry or less nutrient habitats and female-
biased in more favourable conditions (Iglesias and Bell 
1989; Nuñez et al. 2008; Garbarino et al. 2015). However, 
it is not clear whether these gender differences exist prior to 
reproduction beginning or at times when it is limited, and 
indeed whether the effect would be clearer in favourable or 
stressful growing conditions.
It is also unknown if species of different natural habitats 
will react similarly, as their adaptations and factors limiting 
growth may be different. Earlier studies on two dioecious 
species, common yew (Taxus baccata L.) and common juni-
per (Juniperus communis L.), showed differences in gender 
response to environmental resources: juniper growing in 
N-poor pioneer habitats had a long-term strategy for N stor-
age by females, but yew growing in richer, late successional 
habitats, did not show such adaptation (Nowak-Dyjeta et al. 
2017).
Both these species show certain similarities, they are 
wind pollinated, zoochoric and evergreen. However, they 
occupy quite different ecological niches. Yew is a species 
of fertile, humid habitats and it is shade-tolerant (Thomas 
and Polwart 2003). In contrast, juniper is a pioneer species 
inhabiting dry and poor habitats (Thomas et al. 2007). These 
species also differ in the length of the seed ripening period; 
in the case of yew, the seeds with arils ripen in the same sea-
son as pollination, whereas in juniper the berry-like cones 
containing the seeds this process takes 2 to 3 years. It can 
be expected that differences in species ecology and seed 
ripening time will affect strategies for allocating resources 
to growth and development.
The following hypotheses were tested: (1) secondary 
sexual dimorphism will also be visible in juveniles; (2) unfa-
vourable soil conditions are the cause of more pronounced 
differences between the sexes.
Materials and methods
The experiment was conducted at the Institute of Den-
drology, Polish Academy of Sciences in Kórnik, Poland. 
Rooted cuttings of Taxus baccata and Juniperus com-
munis were used in the experiment. In 2012, fifty shoots 
were collected and rooted from 20 trees of T. baccata 
growing in the Kornik Arboretum, Poland (52°14′40.4″ N 
17°06′04.7″ E) and from 20 trees of J. communis growing 
in the Rokita Forest District (Western Pomerania, Poland 
53°46′29.8″ N 14°45′24.6″ E). Parent plants had visible 
reproductive structures (male or female strobili buds and/
or female cones). In total, this gave two species × 10 
males × 10 females × 50 shoots = 2000 plants. Cuttings 
of similar size were taken from the middle part of each 
crown, growing in similar, partially-shaded light condi-
tions. Individuals were grown in 5-L pots under 2-m-high 
scaffolding with shading net to produce a 50% reduc-
tion in full sunlight. The degree of light reduction was 
confirmed by measurements of relative photosynthetic 
photon flux density using a line quantum sensor (Apo-
gee Inc.) following the methods of Messier and Puttonen 
(1995). The soil for the pots was obtained from a natural 
forest with 10% of the soil volume added from a stand 
of T. baccata or J. communis to ensure natural mycor-
rhizal inoculation. In March 2013, plants were divided 
into two blocks containing both genders, and then within 
each block two fertilization treatments were established. 
Plants from the same paternal or maternal origin were 
present in both treatment groups with the same number of 
individuals in each group. The fertilized group of plants 
received 6 g per L of Osmocote Exact 5–6 M (ICL, Israel) 
in March 2014 and 2015, whereas non-fertilized plants 
were grown without any additional fertilizer. The ferti-
lizer contained 15% N, 9% P, 12% K, 2.5% MgO, and 
microelements. Plants were sampled in each of two years 
in spring (March) spring (June), autumn (September) and 
winter (December). The dates of plant collection were 
associated with the strobili production period (March), 
the end of new shoots growth (June), the end of yew rip-
ening and the end of vegetative growth, the development 
of vegetative and generative buds (September), and the 
dormant period (December). Forty plants from each spe-
cies were collected at each time (5 plants × 2 sexes × 2 
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fertilization treatments × 2 blocks). Only in the first two 
dates of gathering samples (first spring and first summer) 
were the plants without reproductive organs; from the 
first autumn and later all cuttings had (or showed signs 
of having had) reproductive determinants at the time of 
harvesting. Plants were cleaned of soil, then separated 
into roots, shoots and needles. Root parameters (mass, 
length, area and diameters of roots) and needle area were 
measured using WinSeedle and WinRhizo (Regent Inc.) 
image analysis systems. Stomatal density (number of 
stomata per  mm2) was measured from the mid-point of 
the abaxial side of the needles with a light microscope 
and recalculated on a projected needle area basis. Fol-
lowing this, needles, stems and roots were dried at 65 °C 
for 3 days and weighed to calculate specific leaf area 
(SLA – leaf area/leaf dry mass,  cm2  g− 1), specific root 
area (SRA – root area/ root mass,  cm2  g− 1 ), specific 
root length (SRL – specific root length, cm  g− 1) and the 
ratio of root length and root dry mass. The intensity of 
strobili and cone production in juvenile trees used in the 
experiment was also determined. For this purpose, the 
percentage of generative structures in the mass of the 
shoot and needles from the last two yearly increments 
was used, because male strobili appear on the current 
year shoot, female cones on the last (two years old) shoot. 
Such a comparison was made once in January of the sec-
ond year of the experiment for males and summer of the 
second year for females. For comparison, the intensity of 
reproduction for adults was taken from yews from parallel 
observations from the Kórnik Arboretum (52°14′27.93″ 
N; 17°50′28.21″ E) and for junipers from the Torzym 
population (52°18′36.93″ N; 15°7′43.07″ E) for 10 males 
and 10 females respectively.
Statistical analyses
After initial testing of residuals normality (Shapiro–Wilk 
test) and equal variance (Levene test), a mixed analysis 
of variance (ANOVA) model with restricted maximum 
likelihood (REML) was used to evaluate the influence 
of sex, fertilization, year and season (fixed factors) and 
their interaction on growth and morphological param-
eters. Parental tree and block nested within the year were 
random factors. Mixed analysis of covariance (ANCOVA) 
was used to compare data of stomata density from dif-
ferent treatment (sex, fertilization, year and season-fixed 
factors), stomatal row numbers was used as a covariant 
and parental tree and block as random factors. The results 
expressed as percentages were arcsin transformed for 
analyses by ANOVA. The post hoc Tukey test was used 
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were performed using JMP software (version 15.0.0), 
SAS Institute, Cary, NC, USA.
Results
Mass
Fertilization significantly affected the total mass of plants of 
both analysed species (Tables 1, 2), fertilized individuals had 
a significantly higher mass (Fig. 1 a, b). In the case of yew, 
a significant interaction between fertilization and sex was 
demonstrated. Female individuals had a higher mass (mean 
45.0 g) than male individuals (mean 34.4 g) in the fertilized 
treatment (Fig. 1 a). In the non-fertilized treatment, no sig-
nificant differences in plant mass were observed between 
the sexes (Fig. 1 a). In the case of juniper, there were no 
differences between sexes and no interaction between sex 
and fertilization were found (Table 2; Fig. 1b).
Mass allocation
In yew, the patterns of above-ground and below-ground mass 
were similar to those for total biomass (Table 1; Fig. 2a; 
Appendices 1, 2). In juniper, the above-ground mass showed 
a similar pattern to total mass, however, an interaction of 
sex and year of harvest was found in below-ground mass. 
(Table 2). In the first season, the sexes did not differ from 
each other, but in the second season root mass was higher 
in male plants (Fig. 2b). There was also interaction between 
sex and fertilization in juniper (Table 2), such that fertilized 
male plants had a larger root mass than in females. There 
was no significant difference between sexes in the unferti-
lized treatment (Fig. 2b).
Fig. 1  Mean (± standard error) 
total plant mass of Taxus bac-
cata (a) and Juniperus commu-
nis (b) individuals. Female grey 
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In the case of yew, the influence of sex on mass alloca-
tion was demonstrated; male individuals had a higher above-
ground allocation than female individuals, while female 
individuals had a higher share of the biomass in roots. This 
trend was similar in both fertilization treatments (Table 1; 
Fig. 3a). In contrast, female junipers had a higher above-
ground and lower root biomass compared to male specimens 
(Table 2; Fig. 3b).
Needle area, stomatal density and SLA
Both yew and juniper females had needles with a larger 
area (Fig. 4a, b) with no interaction of sex × fertilization 
was found (Tables 1, 2). There was no evidence of gen-
der on SLA of yew. In the case of juniper, male individu-
als had a slight but significantly higher SLA than females 
(Table 1; Fig. 5b; Appendix 2). No effect of sex and fertili-
zation on stomatal density was demonstrated (Tables 1, 2; 
Appendix 1).
Root area, fine to total root area, SRA and SRL
In the case of yew, female individuals had a larger total root 
area. There was an interaction between sex and fertilization 
such that female individuals had a larger root area in the 
fertilized treatment (Table 1; Fig. 6a). Juniper showed no 
effect of sex on the total root area, however, an interaction 
between sex and fertilization was demonstrated (Table 2). 
In the first year, non-fertilized females had a slightly larger 
root area, but in the second year males had a much greater 
root area in the fertilized treatment (Fig. 6b).
Yew showed no treatment differences in the ratio of fine 
root area to total root area (Table 1 Fig. 7a). However, male 
yews had higher specific root area (SRA) and higher specific 
root length (SRL) than females (Figs. 8a, 9a). In contrast, 
male junipers had a larger ratio of fine to the total area roots 
(Table 2; Fig. 7b) but showed no significant differences in 
SRA or SLR between treatments (Figs. 8b, 9b).
Pattern of generative structure allocation
A much lower proportion of generative parts was demon-
strated for the juvenile plants from the experiment compared 
to mature plants growing in the field. The proportion of yew 
male strobili buds in the total mass of the current and last 
shoot was: in the field 30.14% ± 6.27% (SE), in the experi-
ment 9.62% ± 1.87% (SE). In the case of juniper, the propor-
tion in male plants was: in the field 10.11% ± 1.25% (SE) in 
the experiment 3.7% ± 1.13% (SE). The proportion of yew 
female cones in the total mass of the current and last shoot 
was: in the field: 5.36% ± 1.19% (SE), in the experiment: 
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field, 12.45% ± 1.27% (SE) and in the experiment 0.39% ± 
0.27% (SE).
Discussion
In this study we showed that juveniles, similarly to mature 
trees, exhibit SSD. However, not all sexual differences in 
the two species have the same pattern in juvenile and mature 
individuals. Unlike adults (Cedro and Iszkuło 2011), juve-
nile female yews showed a higher growth rate compared 
to male ones. In the case of juniper, males had a higher 
root mass, which indicates a similar growth pattern as in 
mature plants (Iszkuło and Boratyński 2011). At the same 
time, it was shown that the area of needles is larger in both 
species, which is a common feature for mature individuals 
(Nowak-Dyjeta et al. 2017). A higher growth rate of females 
compared to males has also been demonstrated in tropical 
shrubs, Siparuna grandiflora (Nicotra 1999) and a com-
mon species in the northern hemisphere, Salix myrsynifolia 
(Nybakken and Julkunen-Tiitto 2013). However, it should 
be mentioned that our study does not ultimately answer the 
question of whether the traits appear before sexual matu-
rity, because the studied plants came from rooted mature 
individuals (not from seeds) and saplings started showing 
reproductive structures very early. From the autumn of the 
1st year, all individuals had sexual determinants, although 
not necessarily at the time of harvest.
It should also be noted that the greater mass in the female 
yew and male juniper roots was shown only in the fertilized 
variant. Therefore, we have been rejected the second hypoth-
esis that unfavourable soil conditions are the cause of more 
pronounced differences between the sexes. This may be due 
to different investment strategies of both sexes (Galfrascoli 
and Calviño 2020). Until now, unfavourable habitat condi-
tions were most often considered as a cause of polarization 
Fig. 2  Mean (± standard error) 
root mass of Taxus baccata (a) 
and Juniperus communis (b) 
individuals. Female grey bars 
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of differences between sexes (see review Retuerto et al. 
2018). Under nutrient deficiency, female plants divide 
resources into growth and reproduction, and consequently 
often have a lower growth rate. However, plants can regulate 
the distribution of resources and make vegetative growth a 
priority with only surplus resources are spent on reproduc-
tion (Kozlowski and Wiegert 1986, 1987). Sexual differences 
in the fertilized variant in our experiment may also be due to 
the expenditure on reproduction being lower than in mature 
individuals, which may change the distribution of resources 
pattern. However, sexual dimorphism in better site condi-
tions has also found in mature individuals of other species. 
Greater growth of female individuals were obtained for Acer 
negundo. In humid (favourable) conditions, non-reproducing 
female individuals achieved a higher growth rate compared 
to male individuals. In dry (unfavourable) conditions, male 
and female individuals did not differ in growth rate (Dawson 
and Ehleringer 1993). Similarly, a study of Populus cathay-
ana showed a more pronounced growth response of female 
individuals under high N fertilization. Female individuals 
showed a higher efficiency in the use of high N (Chen et al. 
2014). Juniper did not show significant differences in total 
biomass of male and female individuals. However, differ-
ences were observed for root parameters. In the fertilized 
treatment, the mass of roots and their area was significantly 
higher in male junipers. The result for juniper is more typi-
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Fig. 3  Mean above-ground (abv. all.) and root allocation (r. all.) (± standard error) of Taxus baccata (a) and Juniperus communis (b) individuals. 
Female grey bars and male black bars
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emphasized, as for yew, the result was only significant in 
fertilization conditions.
In our experiment, the reproductive allocation element 
was reduced due to the juvenile phase of plants. In both 
yew and juniper, the ratio of generative organ to shoot mass 
was clearly lower in the juvenile plants than in mature. The 
generative versus vegetative trade-off may have affected the 
results. Certainly, the removal of inflorescence buds from 
Corema abum (Álvarez-Cansino et  al. 2010) produced 
increased vegetative growth in both sexes. However, the 
response of female individuals to the reduction of repro-
duction effort was more pronounced. Thus, the reduction in 
reproduction costs had a more pronounced effect on female 
individuals - especially during seed development, which fur-
ther may confirm the trade-off between vegetative and gener-
ative growth costs. A similar pattern of response to reduced 
reproduction costs was demonstrated in Acer negundo where 
non-reproducing individuals achieved a higher growth rate 
compared to reproducing individuals (Dawson and Ehler-
inger 1993).
Compensatory mechanisms
The results of our study show different mechanisms of com-
pensating reproductive effort in male and female individuals 
of dioecious species. Particularly noteworthy are those that 
can occur as innate in juvenile and adult individuals. They 
indicate that not all secondary dimorphism traits are effects 
of reproduction on resource balance, but may be genetically 
determined. They can cause a higher growth rate of individ-
uals of one sex in the early stage of development. As a result, 
they provide an advantage before later periods of greater 
reproductive effort, which is a greater burden in female 
specimens (Nicotra 1999; Nybakken and Julkunen-Tiitto 
2013). The lack of such a mechanism in juniper may be 
Fig. 4  Mean needle area 
(± standard error) of Taxus 
baccata (a) and Juniperus com-
munis (b) individuals. Female 
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due to the adaptation of this species to growth in extremely 
poor habitats.
Higher growth rate is observed under fertilized condi-
tions. However, in our research, there were differences 
between the sexes in some features (e.g. biomass alloca-
tion in the aboveground mass and roots, as well as specific 
features of the roots such as SRA, SRL) regardless of fer-
tilization. These adaptations or compensation mechanisms, 
are associated with the uptake or use of habitat resources. 
They are more often found in female individuals with 
high reproduction costs (Dawson and Geber 1999; Obeso 
2002; Barrett and Hough 2013). These mechanisms may 
allow the diversion of more resources to growth in more 
favourable conditions as demonstrated in yew. Neverthe-
less, these mechanisms may function regardless of habitat 
conditions, as seen by the larger needle area of yew and 
juniper females regardless of fertilization. This is a com-
mon feature in female individuals of dioecious species (Wal-
lace and Rundel 1979; Meagher 1992; Kohorn 1994), and 
has previously been demonstrated in adult yew and juni-
per individuals (Iszkuło et al. 2009, 2011b; Nowak-Dyjeta 
et al. 2017). A larger needle surface may be associated with 
greater gas exchange and photosynthesis activity (Dawson 
and Bliss 1989; Dawson and Ehleringer 1993) increasing 
the growth of females and allowing them to achieve better 
growth in favourable conditions such as fertilization. On the 
other hand, a larger area of needles may be associated with 
greater sensitivity to lighting. Photochemistry studies in the 
same experiment showed that female yew were more threat-
ened by photoinhibition when exposed to high light (Roba-
kowski et al. 2018). Such morphological and physiological 
features indicate better adaptation of female individuals to 
greater shading. The ability of female to make more effec-
tive use of richer habitats was indicated by studies in natural 
yew conditions in Italy, where female individuals were more 
often found in better habitat conditions compared to male 
individuals (Vessella et al. 2015). The higher SLA values 
found in male juniper individuals may suggest the existence 
Fig. 5  Mean specific leaf area 
(SLA) ± standard error of Taxus 
baccata (a) and Juniperus com-
munis (b) individuals. Female 
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of some adaptation, which, however, is not reflected in plant 
biomass. Higher SLA is associated with higher photosyn-
thesis intensity per leaf mass unit (Poorter and Evans 1998). 
This feature is very variable both within the species and even 
one individual (Reich et al. 1998), and is often equated with 
the plant’s response to light conditions; low SLA is charac-
terized by leaves in high light intensity (Björkman 1981), 
and in our experience the lighting conditions were even.
Another feature associated with sex and occurring regard-
less of fertilization was the allocation to aboveground and 
underground biomass. In yew there was a greater allocation 
of resources to the roots in females, and in juniper, inversely 
to the roots of males. Larger allocation to roots may allow 
greater uptake of minerals from the substrate (Hermans 
et al. 2006), directly improving vegetative growth. In the 
juvenile plants used in this study, resources collected by the 
roots may be directed to vegetative tissues resulting in bet-
ter growth. This appears to be case in yew, where females 
with greater root allocation showed greater overall bio-
mass. Greater allocation of female to roots was also found 
in Populus cathayana (Zhang et al. 2014; Dong et al. 2017). 
What’s more, under stress associated with a shortage of 
minerals, the allocation to the roots of female individuals 









































Fig. 6  Mean root area (± standard error) of Taxus baccata (a) and Juniperus communis (b) individuals. Female grey bars and male black bars
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not underground. In our studies such a situation was not 
observed and regardless of the fertility of the substrate, the 
allocation showed the same sexual pattern.
Roots also play the role of resource storage and, in the 
case of female individuals, may be important in support-
ing reproductive effort to provide resources for masting 
events. Our research was conducted on reproducing juve-
nile plants but we expect that some of mechanisms and 
adaptations are still operational even when reproduction 
is absent or lower, and resource use in females may be 
more pronounced because of future reproductive effort. 
Hence, female yews had a lower SRL compared to males, 
while allocating more biomass to the roots. Lowest SRL 
occurred in the fertilized treatment, which is in line with 
the general formula for this trait (Ostonen et al. 2007). 
However, male individuals have higher SRL values in 
both fertilization variants, which is only visible in the first 
observation season. Male individuals with a higher SRL 
have greater opportunities for soil exploration, but such 
roots are less durable (Kramer-Walter et al. 2016). Perhaps 
it is a strategy that allows more nitrogen foraging, which is 
an important aspect for male specimens of wind-pollinated 
species, producing large amounts of nitrogen-rich pollen 
in a short fragment of the growing season creating a high 
nitrogen demand (Obeso 2002; Nowak-Dyjeta et al. 2017).
In the case of juniper, male individuals showed a greater 
root allocation, but this had no clear effect in increasing 
total plant mass regardless of fertilization. However, a 
larger mass of roots of males in the second year was seen, 
which should lead to a larger mass of whole plants in sub-
sequent years. Perhaps the differences resulting from this 
adaptation require a longer observation period to see clear 
effects. We are aware that the all observed root reactions 
may be affected by all roots being adventitious, formed 
during rooting of cuttings.
Fig. 7  Mean percentage of fine 
root area in total roots area 
(± standard error) of Taxus 
baccata (a) and Juniperus com-
munis (b) individuals. Female 
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Intraspecies differences
Equivocal results are often obtained in SSD research on dioec-
ious species (Retuerto et al. 2018). It can be seen, therefore, that 
dioecious species often do not react according to one universal 
pattern and further research is needed into the causes and mech-
anisms associated with sexual dimorphism. When considering 
gender differences in different environments, we often observe 
sexual sex segregation (SSS) and an increase in the proportion 
of female along a fertility gradient (Bierzychudek and Eckhart 
1988; Agren et al. 1999; Dawson and Geber 1999; Dudley 
2006; Nuñez et al. 2008). This phenomenon is explained by 
greater mortality and poorer female vitality in a poor envi-
ronment, due to higher reproduction resource demands. Our 
research adds to this issue the claim that SSS may be associ-
ated with better adaptation of female individuals (in the case 
of yew) to fertile environments and better use of soil potential. 
This corresponds to the observation of a greater growth rate of 
female yew individuals, while focusing on niches with favour-
able environmental conditions (Garbarino et al. 2015).
In the case of juniper, males have a higher underground mass 






































Fig. 8  Mean specific root area (SRA) ± standard error of Taxus baccata (a) and Juniperus communis (b) individuals. Female grey bars and male 
black bars
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resources compared to female individuals. Generally females 
juniper are recognized to have greater cost reproduction (Ortiz 
et al. 2002) and lower growth rate than males (Massei et al. 
2006). Perhaps it is an adaptation to more efficient nitrogen 
acquisition. Male reproductive structures are reported to require 
more nitrogen than females (McDowell et al. 2000). Juniper is 
a species of poor habitat and nitrogen capture may be key to 
successful pollen production. Additionally, our previous studies 
showed that female junipers are less exposed to the effects of 
reproductive effort due to the long-term (2–3 years) maturing of 
cones (Thomas et al. 2007; Nowak-Dyjeta et al. 2017) and have 
not developed compensatory mechanisms like the yew. Other 
studies on Juniperus communis have also found no differences 
in growth, environmental sensitivity or microhabitat segregation 
of sexes (Marion and Houle 1996; Houle and Duchesne 1999; 
Ortiz 2002).
Juniper as a pioneer species associated with a poor habitat 
probably manages resources in a different way, possibly by 
storing resources between years for masting events (Montes-
inos et al. 2012). However, differences in root mass appear-
ing in the second year may suggest that in future growth 
male specimens could achieve higher growth parameters.
In this study we showed that juveniles, similarly to mature 
individuals, exhibit SSD. However, not all sexual differences 
in the two species have the same pattern in juvenile and 
mature individuals. In conclusion, in our research, juvenile 
plants have some SSD traits that may be innate. Sexes show 
differences in growth traits, and these are much more pro-
nounced in yew. However, these differences are observed in 
favourable conditions, which was not as expected. It is influ-
enced by the reduction of reproduction costs, which allows 
the effects of compensation mechanisms to be seen. Both 
Fig. 9  Mean specific root length 
(SRL) ± standard error of Taxus 
baccata (a) and Juniperus com-
munis (b) individuals. Female 
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species showed opposite sexual responses to fertilization. Sex 
differences in growth are more pronounced in the case of yew 
than juniper. Yew is a species in which female individuals are 
better adapted to use the soil fertility potential, in the case of 
juniper, male individuals appear to be better adapted.
Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10265- 021- 01296-2.
Acknowledgements The project was financed by the Polish National 
Science Centre awarded based on the decision number DEC-
2012/07/B/NZ9/01314 and partly by the statutory works of the Institute 
of Dendrology, Polish Academy of Sciences and Institute of Biological 
Sciences University of Zielona Góra. We would like to thank Stanisław 
Zymon for help during rooting shoots and the field work.
Author contributions Study conception and design: KN, MJG, EPK, 
GI; acquisition of data: KN, GI, EPK; analysis and interpretation of 
data: KN, MJG, EPK, PT, GI; drafting of manuscript: KN, GI; critical 
revision and final version: KN, MJG, PT, EPK, GI.
Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
References
Agren J, Danell D, Elmqvist T et al (1999) Sexual dimorphism 
and biotic interactions. In: Geber MA, Dawson TE, Delph LF 
et al (eds) Gender and sexual dimorphism in flowering plants. 
Springer, Berlin
Álvarez-Cansino L, Zunzunegui M, Díaz Barradas MC, Esquivias 
MP (2010) Gender-specific costs of reproduction on vegetative 
growth and physiological performance in the dioecious shrub 
Corema album. Ann Bot 106:989–998. https:// doi. org/ 10. 1093/ 
aob/ mcq197
Bañuelos M-J, Obeso J-R (2004) Resource allocation in the dioe-
cious shrub Rhamnus alpinus: the hidden costs of reproduction. 
Evol Ecol Res 6:397–413
Barrett SCH, Hough J (2013) Sexual dimorphism in flowering plants. 
J Exp Bot 64:67–82. https:// doi. org/ 10. 1093/ jxb/ ers308
Bierzychudek P, Eckhart V (1988) Spatial segregation of the sexes 
of dioecious plants. Am Nat 132:34–43
Björkman O (1981) Responses to different quantum flux densities. 
In: Lange OL, Nobel PS, Osmond CB, Ziegler H (eds) Physi-
ological plant ecology i: responses to the physical environment. 
Springer, Berlin, pp 57–107
Cedro A, Iszkuło G (2011) Do females differ from males of European 
yew (Taxus baccata L.) in dendrochronological analysis? Tree-
Ring Res 67:3–11. https:// doi. org/ 10. 3959/ 2009-9.1
Chen L, Dong T, Duan B (2014) Sex-specific carbon and nitrogen 
partitioning under N deposition in Populus cathayana. Trees 
28:793–806. https:// doi. org/ 10. 1007/ s00468- 014- 0992-3
Dawson TE, Bliss LC (1989) Patterns of water use and the tissue water 
relations in the dioecious shrub, Salix arctica: the physiologi-
cal basis for habitat partitioning between the sexes. Oecologia 
79:332–343. https:// doi. org/ 10. 1007/ BF003 84312
Dawson TE, Ehleringer JR (1993) Gender-specific physiology, carbon 
isotope discrimination, and habitat distribution in boxelder, Acer 
negundo. Ecology 74:798–815. https:// doi. org/ 10. 2307/ 19408 07
Dawson TE, Geber MA (1999) Sexual dimorphism in physiology and 
morphology. In: Geber MA, Dawson TE, Delph LF (eds) Gender 
and sexual dimorphism in flowering plants. Springer, Berlin, pp 
175–215
Delph LF (1990) Sex-differential resource allocation patterns in the 
subdioecious shrub Hebe subalpina. Ecology 71:1342–1351. 
https:// doi. org/ 10. 2307/ 19382 71
Delph LF, Meagher TR (1995) Sexual dimorphism masks life history 
trade-offs in the dioecious plant Silene latifolia. Ecology 76:775–
785. https:// doi. org/ 10. 2307/ 19393 43
DeSoto L, Olano JM, Rozas V (2016) Secondary growth and carbohy-
drate storage patterns differ between sexes in Juniperus thurifera. 
Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2016. 00723
Díaz-Barradas MC, Zunzunegui M, Correia O et al (2018) Gender 
dimorphism in Corema album across its biogeographical area and 
implications under a scenario of extreme drought events. Environ 
Exp Bot 155:609–618. https:// doi. org/ 10. 1016/j. envex pbot. 2018. 
08. 011
Dong T, Li J, Liao Y et al (2017) Root-mediated sex recognition 
in a dioecious tree. Sci Rep 7:1–7. https:// doi. org/ 10. 1038/ 
s41598- 017- 00894-2
Dudley LS (2006) Ecological correlates of secondary sexual dimor-
phism in Salix glauca (Salicaceae). Am J Bot 93:1775–1783
Galfrascoli GM, Calviño A (2020) Secondary sexual dimorphism 
in a dioecious tree: a matter of inter-plant variability? Flora 
266:151595. https:// doi. org/ 10. 1016/j. flora. 2020. 151595
Garbarino M, Weisberg PJ, Bagnara L, Urbinati C (2015) Sex-related 
spatial segregation along environmental gradients in the dioecious 
conifer, Taxus baccata. For Ecol Manag 358:122–129. https:// doi. 
org/ 10. 1016/j. foreco. 2015. 09. 009
Geber MA, Dawson TE, Delph LF (eds) (1999) Gender and sexual 
dimorphism in flowering plants. Springer, Berlin
Gehring JL, Linhart YB (1993) Sexual dimorphisms and response to 
low resources in the dioecious plant Silene latifolia (Caryophyl-
laceae). Int J Plant Sci 154:152–162. https:// doi. org/ 10. 1086/ 
297100
Hermans C, Hammond JP, White PJ, Verbruggen N (2006) How 
do plants respond to nutrient shortage by biomass allocation? 
Trends Plant Sci 11:610–617. https:// doi. org/ 10. 1016/j. tplan ts. 
2006. 10. 007
Houle G, Duchesne M (1999) The spatial pattern of a Juniperus 
communis var. depressa population on a continental dune in 
subarctic Québec. Canada Can J For Res 29:446–450. https:// 
doi. org/ 10. 1139/ x99- 018
Huang K, Liao Y, Dong T et al (2018) Sex-specific responses of tree-
ring growth to climate in the dioecious tree Populus cathayana. 
J Plant Ecol 11:771–779. https:// doi. org/ 10. 1093/ jpe/ rtx048
Iglesias MC, Bell G (1989) The small-scale spatial distribution of 
male and female plants. Oecologia 80:229–235. https:// doi. org/ 
10. 1007/ BF003 80156
Iszkuło G, Jasińska AK, Giertych MJ, Boratyński A (2009) Do 
secondary sexual dimorphism and female intolerance to 
drought influence the sex ratio and extinction risk of Taxus 
baccata? Plant Ecol 200:229–240. https:// doi. org/ 10. 1007/ 
s11258- 008- 9447-5
Journal of Plant Research 
1 3
Iszkuło G, Boratyński A (2011) Initial period of sexual maturity deter-
mines the greater growth rate of male over female in the dioe-
cious tree Juniperus communis subsp. communis. Acta Oecologica 
37:99–102. https:// doi. org/ 10. 1016/j. actao. 2011. 01. 001
Iszkuło G, Jasińska AK, Romo À, Tomaszewski D, Szmyt J (2011a) 
The greater growth rate of male over female of the dioecious tree 
Juniperus thurifera only in worse habitat conditions. Dendrobiol-
ogy 66:15–24
Iszkuło G, Jasinska AK, Sobierajska K (2011b) Dendroecological dif-
ferences between Taxus baccata males and females in comparison 
with monoecious Abies alba. Dendrobiology 65:55–61
Koenig WD, Knops JMH (1998) Scale of mast-seeding and tree-ring 
growth. Nature 396:225–226. https:// doi. org/ 10. 1038/ 24293
Kohorn LU (1994) Shoot morphology and reproduction in jojoba: 
advantages of sexual dimorphism. Ecology 75:2384. https:// doi. 
org/ 10. 2307/ 19408 92
Kozlowski J, Wiegert R (1986) Optimal allocation of energy to growth 
and reproduction. Theor Popul Biol 29:16–37
Kozlowski J, Wiegert RG (1987) Optimal age and size at maturity 
in annuals and perennials with determinate growth. Evol Ecol 
1:231–244
Kramer-Walter KR, Bellingham PJ, Millar TR et al (2016) Root traits 
are multidimensional: specific root length is independent from 
root tissue density and the plant economic spectrum. J Ecol 
104:1299–1310. https:// doi. org/ 10. 1111/ 1365- 2745. 12562
Marion C, Houle G (1996) No differential consequences of repro-
duction according to sex in Juniperus communis var. depressa 
(Cupressaceae). Am J Bot 83:480–488. https:// doi. org/ 10. 2307/ 
24462 17
Massei G, Watkins R, Hartley SE (2006) Sex-related growth and sec-
ondary compounds in Juniperus oxycedrus macrocarpa. Acta 
Oecol 29:135–140. https:// doi. org/ 10. 1016/j. actao. 2005. 08. 004
McDowell SCL, McDowell NG, Marshall JD, Hultine K (2000) Car-
bon and nitrogen allocation to male and female reproduction in 
Rocky Mountain Douglas-fir (Pseudotsuga menziesii var. glauca, 
Pinaceae). Am J Bot 87:539–546
Meagher TR (1992) The quantitative genetics of sexual dimorphism 
in Silene latifolia (Caryophyllaceae).&nbsp;I Genetic Variation. 
Evolution 46:445. https:// doi. org/ 10. 2307/ 24098 63
Messier C, Puttonen P (1995) Spatial and temporal variation in the 
bight environment of developing scots pine stands: the basis for a 
quick and efficient method of characterizing Bight. Can J For Res 
25:343–354. https:// doi. org/ 10. 1139/ x95- 038
Milla R, Castro-Díez P, Maestro-Martínez M, Montserrat-Martí G 
(2006) Costs of reproduction as related to the timing of pheno-
logical phases in the dioecious shrub Pistacia lentiscus L. Plant 
Biol 8:103–111. https:// doi. org/ 10. 1055/s- 2005- 872890
Montesinos D, De Luís M, Verdú M et al (2006) When, How and how 
much: gender-specific resource-use strategies in the dioecious tree 
Juniperus thurifera. Ann Bot 98:885–889. https:// doi. org/ 10. 1093/ 
aob/ mcl172
Montesinos D, Villar-Salvador P, García-Fayos P, Verdú M (2012) 
Genders in Juniperus thurifera have different functional responses 
to variations in nutrient availability. New Phytol 193:705–712. 
https:// doi. org/ 10. 1111/j. 1469- 8137. 2011. 03982.x
Nicotra AB (1999) Reproductive allocation and the long-term costs 
of reproduction in Siparuna grandiflora, a dioecious neo-tropical 
shrub. J Ecol 87:138–149. https:// doi. org/ 10. 1046/j. 1365- 2745. 
1999. 00337.x
Nicotra AB, Chazdon RL, Montgomery RA (2003) Sexes show con-
trasting patterns of leaf and crown carbon gain in a dioecious 
rainforest shrub. Am J Bot 90:347–355. https:// doi. org/ 10. 3732/ 
ajb. 90.3. 347
Nowak-Dyjeta K, Giertych MJ, Thomas P, Iszkuło G (2017) Males 
and females of Juniperus communis L. and Taxus baccata L. 
show different seasonal patterns of nitrogen and carbon con-
tent in needles. Acta Physiol Plant. https:// doi. org/ 10. 1007/ 
s11738- 017- 2489-3
Nuñez CI, Nuñez MA, Kitzberger T (2008) Sex-related spatial seg-
regation and growth in a dioecious conifer along environmental 
gradients in northwestern Patagonia. Écoscience 15:73–80
Nybakken L, Julkunen-Tiitto R (2013) Gender differences in Salix 
myrsinifolia at the pre-reproductive stage are little affected by 
simulated climatic change. Physiol Plant 147:465–476. https:// 
doi. org/ 10. 1111/j. 1399- 3054. 2012. 01675.x
Obeso JR (2002) The costs of reproduction in plants. New Phytol 
155:321–348. https:// doi. org/ 10. 1046/j. 1469- 8137. 2002. 00477.x
Ortiz PL (2002) Sex ratio and reproductive effort in the dioecious 
Juniperus communis subsp. alpina (Suter) Celak. (Cupressaceae) 
along an altitudinal gradient. Ann Bot 89:205–211. https:// doi. org/ 
10. 1093/ aob/ mcf028
Ostonen I, Püttsepp Ü, Biel C et al (2007) Specific root length as an 
indicator of environmental change. Plant Biosyst 141:426–442. 
https:// doi. org/ 10. 1080/ 11263 50070 16260 69
Poorter H, Evans JR (1998) Photosynthetic nitrogen-use efficiency 
of species that differ inherently in specific leaf area. Oecologia 
116:26–37. https:// doi. org/ 10. 1007/ s0044 20050 560
Reich PB, Ellsworth DS, Walters MB (1998) Leaf structure (specific 
leaf area) modulates photosynthesis–nitrogen relations: evidence 
from within and across species and functional groups. Funct Ecol 
12:948–958. https:// doi. org/ 10. 1046/j. 1365- 2435. 1998. 00274.x
Retuerto R, Sánchez Vilas J, Varga S (2018) Sexual dimorphism in 
response to stress. Environ Exp Bot 146:1–4. https:// doi. org/ 10. 
1016/j. envex pbot. 2017. 12. 006
Robakowski P, Pers-Kamczyc E, Ratajczak E et al (2018) Photochem-
istry and antioxidative capacity of female and male Taxus baccata 
L. acclimated to different nutritional environments. Front Plant 
Sci. https:// doi. org/ 10. 3389/ fpls. 2018. 00742
Rovere AE, Aizen M, Kitzberger T (2003) Growth and climatic 
response of male and female trees of Austrocedrus chilensis, a 
dioecious conifer from the temperate forests of southern South 
America. Écoscience 10:195–203. https:// doi. org/ 10. 1080/ 11956 
860. 2003. 11682 767
Rozas V, DeSoto L, Olano JM (2009) Sex-specific, age-dependent 
sensitivity of tree-ring growth to climate in the dioecious tree 
Juniperus thurifera. New Phytol 182:687–697. https:// doi. org/ 10. 
1111/j. 1469- 8137. 2009. 02770.x
Thomas PA, Polwart A (2003) Taxus baccata L. J Ecol 91:489–524
Thomas PA, El-Barghathi M, Polwart A (2007) Biological flora of 
the British Isles: Juniperus communis L. J Ecol 95:1404–1440. 
https:// doi. org/ 10. 1111/j. 1365- 2745. 2007. 01308.x
Tozawa M, Ueno N, Seiwa K (2009) Compensatory mechanisms for 
reproductive costs in the dioecious tree Salix integra. Botany 
87:315–323. https:// doi. org/ 10. 1139/ B08- 125
Ueno N, Kanno H, Seiwa K (2006) Sexual differences in shoot and 
leaf dynamics in the dioecious tree Salix sachalinensis. Can J Bot 
84:1852–1859. https:// doi. org/ 10. 1139/ b06- 142
Vessella F, Salis A, Scirè M et al (2015) Natural regeneration and 
gender-specific spatial pattern of Taxus baccata in an old-growth 
population in Foresta Umbra (Italy). Dendrobiology 73:75–90. 
https:// doi. org/ 10. 12657/ denbio. 073. 008
Wallace CS, Rundel PW (1979) Sexual dimorphism and resource 
allocation in male and female shrubs of Simmondsia chinensis. 
Oecologia 44:34–39
Xu X, Yang F, Xiao X et al (2008) Sex-specific responses of Popu-
lus cathayana to drought and elevated temperatures. Plant Cell 
Environ 31:850–860. https:// doi. org/ 10. 1111/j. 1365- 3040. 2008. 
01799.x
Zhang S, Jiang H, Zhao H et al (2014) Sexually different physiologi-
cal responses of Populus cathayana to nitrogen and phosphorus 
 Journal of Plant Research
1 3
deficiencies. Tree Physiol 34:343–354. https:// doi. org/ 10. 1093/ 
treep hys/ tpu025
Zhang R, Liu J, Liu Q et al (2019) Sexual differences in growth and 
defence of Populus yunnanensis under drought stress. Can J For 
Res 49:491–499. https:// doi. org/ 10. 1139/ cjfr- 2018- 0270
Zhao H, Xu X, Zhang Y et al (2011) Nitrogen deposition limits pho-
tosynthetic response to elevated CO2 differentially in a dioe-
cious species. Oecologia 165:41–54. https:// doi. org/ 10. 1007/ 
s00442- 010- 1763-5
Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
